SUMMARY
Granaticin, an isochromate quinone antibiotic is synthesized as a secondary metabolite by Streptomyces thermoviolaceus. Antibiotic productivity was investigated under a variety of cultural conditions, including complex and defined media, mesophilic and thermophilic temperatures and a variety of sole carbon sources. In a defined medium growth was supported, to varying extents, by different carbon sources and in most cases granaticin production was observed. Highest biomass and granaticin yields were obtained when cultures were grown in the presence of xylan, fructose, glutamate or proline as carbon source. Changes in pH during growth affected both the timing and extent of granaticin production.
natural products [1] [2] [3] . Mesophilic strains such as Streptomyces coelicolor and Streptomyces lividans have been particularly well investigated and have been used to develop a variety of genetic exchange systems [4] [5] [6] [7] [8] . Interest has focussed on thermophilic bacteria because of the advantages of faster growth rates for cost saving in industrial processes [8, 9] . However, of the known facultatively thermophilic Streptomyces, little work has been reported concerning their physiology, biochemistry, growth kinetics or molecular biology. These results demonstrate growth and antibiotic production by S. thermoviolaceus at a range of temperatures in complex and defined media using a wide range of carbon sources.
MATERIALS AND METHODS

INTRODUCTION
Streptomyces are used for antibiotic production and are known to produce an enormous variety of were added prior to autoclaving. CM-cellulose (sodium salt) was from BDH Chemicals (Poole, Dorset), and xylan (from oat spelts) from Sigma Chemicals (London). Cultures were grown in 250 ml Erlenmeyer flasks that contained 50 ml of liquid medium which was shaken at 210 rev. minat known temperatures. Cultures were maintained at -20°C as spore suspensions in 30% (w/v) glycerol harvested after growth on complex medium solidified with agar.
Measurement of biomass
Growth was determined by measuring the dry weight of biomass. Culture samples were pelleted by centrifugation at 1800 x g for 10 min, washed and resuspended in 5 ml of distilled water, placed in a dried preweighed container and dried to constant mass at 105 °C and reweighed.
Fermenter studies
Fermentations were carried out in a baffled L.H. 500 series fermenter of 2 1 capacity with a working volume of 1.5 1. Agitation was at 900 rev. min -1 and sterile air was supplied at 1.5 1. rain -1. Temperature was controlled at 50 + 0.5 °C and the pH was controlled by the addition of sterile 1 M HzSO 4 with a feedback loop set to control the pH at a maximum of 7.0 _ 0.05.
RESULTS
Measurement of granaticin production
Granaticin is pH sensitive [14] being red at acid, violet at neutral, and blue at alkali pH levels. Because granaticin is not a commercially important antibiotic, standards are unavailable for estimating amounts produced in culture. Therefore, culture supernatants containing granaticin were prepared in a series from pH 4 to 11 and scanned spectrophotometrically between 400 and 650 nm. It was found that highest AA was obtained at 602 nm and pH 11. Cell-free supernatants were accordingly adjusted to pH 11 with 1 M NaOH, and the A602 was measured spectrophotometrically. Samples were also diluted to give absorbance readings in the range 0.2-0.7.
The effects of temperature on cultures grown in complex medium
In order to analyse the effect of temperature on growth and antibiotic production complex medium was first used. Flasks were inoculated to 1% (v/v) using a 12 h starter culture grown at 50 °C which previously had been inoculated with a spore suspension to the same level. Flasks were incubated at 30, 37, 50, 55 or 60 °C and the final biomass was measured after 48 h. Antibiotic production was also measured. Biomass showed an inverse relationship with temperature, and granaticin was only detected in flasks grown at 50 and 55°C (Fig. 1) . No growth was recorded at 60 °C which is consistent with previous work [11, 12] . Granaticin was detectable after 36 h cultivation. 
The effects of carbon source and temperature on growth in defined medium
Defined medium was chosen to analyse the effects of carbon source on growth and granaticin production. Typical results are shown for cultures grown either at 37°C or 50°C for 48 h, a time sufficient to ensure maximal growth and antibiotic production for all the carbon sources tested (Table  l) . Carbon sources feeding into glycolysis lowered the final pH whilst those feeding into the TCA cycle elevated the final pH. Glucose and mannitol resulted in no granaticin production, regardless of temperature. In general, biomass was higher at 37 °C whilst production of granaticin was higher at 50°C. The best carbon source was proline, yielding high titres of granaticin and good growth.
The effects of pH
Because growth on some carbon sources resuited in lowered pH at the end of cultivation 0.~ whilst others resulted in elevation of the pH the effects of pH on growth and granaticin production were studied in fermentations with and without pH control. Glutamate which yielded high biomass and granaticin yields was selected as the carbon source. Fig. 2A shows growth on defined medium without any buffering or pH control, whilst Fig. 2B shows growth on the same medium containing 25 mM Mops together with continuous control of pH to keep it at 7.0. It can be seen that in Fig. 2A the pH rises quickly as the organism grows. The onset of granaticin production seems to correlate in this case with rising pH as it occurs much earlier than when pH control is employed. Fig. 2B shows that under conditions of buffer to pH 7, granaticin production occurs later, at a faster rate and results in a higher titre. The small initial rise in pH is due to the starting pH of the medium being approximately 6.6. Biomass readings are also higher in Fig. 2B , suggesting that a median value of pH is conductive to both growth and secondary metabolic production.
DISCUSSION
The experiments carried out on different carbon sources show that S. thermoviolaceus possesses functional glycolytic (e.g. glucose and fructose), pentose phosphate (e.g. xylose) and TCA cycle enzymes (e.g. succinate, glutamate), at mesophilic and thermophilic temperatures. It can also degrade complex polysaccharides such as starch, cellulose and xylan. The general trend shows that the final pH is lower when the carbon source feeds into glycolysis whilst the final pH rises when the carbon source feeds into the TCA cycle. Early glycolytic intermediates which proceed through glucose, e.g. starch, mannitol, tend to supress granaticin production and it is suggested that this is probably due to catabolite repression as has been observed in S. coelicolor [15] . Growth on substrates that generate intermediates further down the glycolytic sequence or those of the TCA cycle result in a much greater capacity for granaticin production.
Research into the regulation of secondary pathways has suggested that, unlike primary pathways, they are not so strictly regulated at particular loci [16] so that a response such as catabolite repression by glucose cannot be pinpointed with any great accuracy [1, 2, 15] . This would help to explain why there is such a variation in the quantity of granaticin produced when the organism is cultured on different carbon sources, some of which may induce or repress secondary metabolism to varying degrees. By comparing the results for the temperatures 37 and 50°C (Table 1) it can be seen that at the higher temperature for a given carbon source the titre of antibiotic is greater while the biomass is lower. Thus, synthesis of secondary metabolites at thermophilic temperatures and their attendant advantages is a distinct possibility.
